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Abstract. The bathypelagic mysid, Gnathophausia in-

gens Dohrn, lives aerohically at oxygen partial pressures

as low as 6 torr in the oxygen minimum layer off south-

ern California. This study is concerned with the O2 bind-

ing properties of this mysid's hemocyanin and the func-

tion of the pigment in O: uptake at low P ,. The effect

of temperature on in vivo hemolymph pH (ApH/AT
-0.018) was measured from 2.5 to 12.5C. Hemocya-

nin concentration was estimated to be 24 mg/1, corre-

sponding to an O2 binding capacity of about 0.3 mmol

O2 /l. Freezing of hemolymph samples significantly de-

creased the affinity and cooperativity of HcO2 binding,

necessitating the use of fresh hemolymph. The HcO2

affinity was high (P M,
of 1 .4 torr at 5.5C, pH 7.87), allow-

ing the loading of O2 even at 6 torr. The cooperativity of

HcO2 binding was also high (n<,,,
= 3.5 at 5.5C, pH 7.87);

presumably allowing the pigment to function effectively

as an O2 transporter within the small PO: difference be-

tween the environment and the tissues. Temperature

differences within the environmental range (2- 10C) had

no significant effect on the oxygen affinity (AH = -6.7

kJ/mol, pH 7.7) or on the cooperativity of O2 binding. A

large Bohr shift (A log P5u /ApH = -0.80 to -0.81) was

present at all temperatures. L-lactate produced moderate

increases in HcO: affinity (A log P50/A log [lactate]

-0.13 at pH 7.9) and in cooperativity. Regional and

ontogenetic comparisons suggest that regional and onto-

genetic differences in HcO: affinity occur in this species.

This mysid has a hemocyanin of unusually high O2

affinity and cooperativity of O2 binding for a crustacean

living at low temperatures, and this appears to be an ad-

aptation for oxygen loading and transport at the cold,
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low oxygen conditions in deep-sea oxygen minimum

layers. The reduced temperature sensitivity of HcO2

affinity may also be an adaptation to low oxygen.

Introduction

Zones of minimum oxygen are found at intermediate

depths in most of the world's oceans and, although the

oxygen partial pressure in some of these "oxygen mini-

mumlayers" is only a few torr, populations of pelagic

metazoans exist there (Schmidt, 1925; Sewell and Page,

1948; Banse, 1964). These oxygen minimum layers are

pelagic habitats with stable conditions of continuously

low oxygen and low temperature at intermediate depths

(400-1000 m depth) over vast areas. Previous studies

have shown that most of the pelagic crustaceans living

off California, where P , at the oxygen minimum is 6

torr, are able to do so aerobically by being unusually

effective at extracting O2 from water (Childress, 1968,

1971, 1975). This remarkable ability has been inten-

sively studied in the lophogastrid mysid Gnathophausia

ingens Dohrn (Childress. 1968, 1971; Belman and Chil-

dress, 1976).

Gnathophausia ingens is the largest entirely pelagic

crustacean, and has a circumglobal distribution between

30N and 30S latitudes. The mature female (instar 13,

estimated duration of 530 days) produces and carries a

single brood at depths greater than 800 m(Childress and

Price. 1978. 1983). The first two free-living instars(3and

4, estimated durations of 95 days each) live at depths as

shallow as 1 50-200 m. However, for much of its life (in-

stars 5 to 10, "intermediate instars." estimated durations

from 168 to 207 days each), G. ingens occurs at depths

of about 400-800 m, corresponding to the depth range
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Figure 1 . The day and night depth distribution patterns ofGnalhu-

phuusia ingens shown with environmental temperatures and O: partial

pressures off southern California.

of the oxygen minimum layer oft" southern California

(Fig. 1,6-20 torr O2 , 4-7C) (Childress and Price, 1978,

1983). This species has limited anaerobic capacity, and

is able to live aerobically at the lowest P , it encounters

off southern California (Childress, 1968; 1971), although

it may use anaerobic metabolism briefly to support high

activity levels at the lowest O: levels. Its ability to regulate

its oxygen consumption to P , values as low as 3 torr is

due to its ability to maintain a high ventilatory flow (up

to 8 body volumes min~'), and simultaneously to re-

move a large fraction (50-80%) of the oxygen in the in-

haled water (Childress, 1971). These abilities are made

possible by the highly developed gills and circulatory sys-

tem (Belman and Childress, 1976). Belman and Chil-

dress ( 1 976) also showed that a high affinity, high cooper-

ativity respiratory protein must be present to provide

sufficient hemolymph oxygen carrying capacity and un-

loading at the very low P , values at which these mysids

live, although at the time of their studies no respiratory

protein had been found in the order Mysidacea.
A preliminary report demonstrated the presence, in

Gnathophausia ingens, of a hemocyanin having a high

affinity for oxygen at 20C (Freel. 1978), but the proper-

ties of this hemocyanin were not measured at environ-

mentally appropriate temperatures or pH levels. The re-

port by Freel is the only publication on a hemocyanin
in the entire order Mysidacea. The high affinity at high

temperature reported by Freel appears anomalous; i.e..

the O; affinity of hemocyanin normally increases greatly

at low temperatures, so how could the hemocyanin be

functional at the much lower environmental tempera-

ture? In fact, shallow-dwelling crustaceans living at lower

temperatures have hemocyanins with lower Oi affinities

as well as lower cooperativities, presumably to maintain

a sufficient unloading of O: to their tissues (Redmond,
1968; Mangum, 1982; Mauro and Mangum 1982a). In

addition, the temperature sensitivity of O: binding by he-

mocyanin is often greater at lower temperatures (Mauro
and Mangum, 1982b; Bridges, 1986; Burnett el <//..

1988). The hemocyanin of G. ingens also seems to have

subunits that are quite different electrophoretically from

those of decapods (J. E. Reese and C. P. Mangum, pers.

comm.), so its properties are of interest for this reason as

well.

Although the O: binding properties of the hemocya-
nins of crustaceans inhabiting sometimes hypoxic envi-

ronments are well studied (Mangum, 1980; Mangum
1983a,b; Morris and Taylor, 1983, 1985; Bridges, 1986),

the deep-sea oxygen minima are unique in having stable

low oxygen conditions in combination with constant low

temperatures. Gnathophausia ingens, like most mid-

water crustaceans, is denser than seawater (Childress and

Nygaard, 1974). Therefore, it must swim continuously

and cannot cope with low O2 , or other conditions in its

habitat, by becoming quiescent. Because it lives in this

habitat continuously, its adaptations must be effective in

the context of uninterrupted exposure and activity,

clearly a different situation from that facing benthic ani-

mals in periodically hypoxic habitats.

The present study of the hemocyanin of Gnathophau-

sia ingens was undertaken to determine its functional

properties, so that its role in oxygen uptake and transport

in this species could be elucidated. In addition, the oxy-

gen binding properties of the hemocyanin of G. ingens

from off Hawaii were measured to gain insight into the

poorer regulation of oxygen consumption found in my-
sids collected from those waters (Cowles, 1987). The

functional properties of hemocyanin from brooding fe-

male G. ingens (instar 13) were also measured to exam-

ine possible ontogenetic changes as individuals move to

greater depths and higher values of P ,.

Materials and Methods

Individuals of Gnathophausia ingens were collected

during 1985-1988 from San Clemente Basin off south-

ern California, and from the leeward side of the Hawai-

ian island of Oahu from depths of 400- 1 200 m. Animals

were captured with a modified opening-closing Tucker

trawl (3. 1 msquare mouth), and were brought to the sur-

face in a thermally insulated cod end (Childress et a/.,

1978), which kept the temperature near 5C. California

animals were kept at 5.5C on board ship, and were

housed (within 3 days of capture) in individual 1 -liter

containers at 5.5C at the Santa Barbara laboratory until

used in experiments. Except where noted (regional com-

parisons, Fig. 5), all experiments were conducted with



288 N K. SANDERSAND J. J. CHILDRESS

hemolymph samples from mysids collected off Cali-

fornia.

Initial sampling

Hemolymph samples were removed from the ventral

sinus and ventral abdominal vessel ofGnathophausia in-

gens. In the measurement of pH, a sample of hemo-

lymph was withdrawn with a syringe and, without air ex-

posure, was immediately injected into a Radiometer

glass capillary electrode (Radiometer America G298A)

in a water jacketed chamber, in conjunction with a refer-

ence electrode (Radiometer K171). Precision buffers

were used to calibrate the electrode (Radiometer SI 500

and S 1 5 10). Samples for oxygen equilibrium curves were

dialyzed for immediate use, or frozen for later use.

The concentration of hemocyanin in pooled (n
=

5)

hemolymph samples from Gnathophausia ingens (inter-

mediate instar California and Hawaii animals, and

brooding females from California) was estimated by

measuring the absorbance maximum, near 340 nm, of a

1:100 dilution of hemolymph in 50 mmol/1 Tris buffer

(pH 8.9) with EDTA (50 mmol/1). Although extinction

coefficients have not been determined for mysid hemo-

cyanin, the extinction coefficient for the lobster Ho-

marus amcricanns (2.69, L
. m

'" ;

, Nickerson and van

Holde, 1971) was used to estimate hemocyanin concen-

tration. The oxygen carrying capacity was estimated

from the haemocyanin concentration, assuming a sub-

unit size of 75,000 D.

The concentrations of Na", K+

, Ca:+
, Mg:+

, SO4
:

,

and Cr in the hemolymph of Gnathophausia ingens

were measured by single column ion chromatography

(Sanders and Childress. 1988), using Wescan cation and

anion columns.

The effects of temperature on hemolymph pH in vivo

Individual intermediate instars of Gnathophausia in-

gens were placed in separate 1 -liter containers of aerated

seawater at 2.5, 5.0, 5.5, 7.5, 9.0, or 12C. After an

animal had been maintained at its experimental temper-

ature for 4 h, the pH of its hemolymph was measured.

These animals had been captured 1-2 weeks prior to

their use.

Oxygen equilibrium curves

To determine the effects of pH and temperature on

hemocyanin oxygen binding, dialyzed hemolymph sam-

ples were used in a thin-layer spectrophotometric system

(Childress et ai, 1984; Sanders et ai, 1988). Because of

the effects of freezing on both affinity and cooperativity

(described later), fresh (never frozen) hemolymph sam-

ples were used for all measurements except those con-

cerned with freezing and with regional differences in he-

mocyanin properties.

A small sample of dialyzed Gnathophausia ingens hemo-

lymph (5-20 n\) was sandwiched between two layers of

teflon membrane (0.006 mm) and placed in a gas-tight,

water-jacketed chamber. The absorbance spectrum from

300-800 nm of gas-equilibrated samples was monitored

with a Tracor Northern diode array spectrophotometer,

and the absorbance at 345 nmwas recorded at successively

higher oxygen partial pressures. Equilibrium was defined

by the absence of further changes in the absorbance spec-

trum; gas partial pressures around the sample were con-

trolled with a Union Carbide mass flow controller. Oxygen

concentrations within the gas-tight sample chamber were

monitored with a Systech Instruments Zirconium Cell Ox-

ygen Analyzer. The calibration of the oxygen analyzer was

checked frequently with 99.99% oxygen gas, air, and

99.999% nitrogen gas. An additional sample of hemo-

lymph was maintained in a gas-tight, water-jacketed to-

nometer at the same temperature and gas mixture as the

O: equilibrium curve sample. The pH of this hemolymph

sample was measured near the 50% saturation point at the

experimental temperature.

Samples used to determine the effects of temperature

and pH on hemocyanin oxygen binding were dialyzed

against a physiological saline prepared from the inor-

ganic ion concentrations measured in the hemolymph of

intermediate instar Gnathophausia ingens from off

southern California. Samples were dialyzed for 15-18 h

in three changes of physiological saline buffered with

0.05 mol/1 Tris buffer (1 part hemolymph to 1000 parts

of saline). The effects of L-lactate on O: binding by he-

mocyanin were determined by adding 10 n\ of 0, 15, or

150 mmol/1 L-lactate in physiological saline to dialyzed

100-^1 hemolymph samples. The lactate concentrations

in these samples were measured after each experiment

using a Boehringer L-lactate test kit.

Data analysis

Results are reported as means and standard deviations

unless otherwise noted. Analysis of covariance (AN-

COVA)was used to test the significance of differences in

the intercepts of regressions only when the slopes did not

differ significantly. To examine the properties of this he-

mocyanin at specific pH values, oxygen equilibrium

curves were generated from values of P50 and n 50 interpo-

lated (from regression lines describing A log P5 ,i/ApH

and An 5( ,/ApH) for those pH values. Software programs

for all data analyses were written by Dr. S. Morris.

Results

Concentrations of hemocyanin and inorganic ions

in hemolymph

Hemolymph samples from freshly captured interme-

diate instars ofGnathophausia ingens from off California
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Table I

The concentrations (mmol/l) of the major inorganic elements in

ln'i>i<il\'inph train intermediate inslars o/ Gnathophausia ingens

ln>i i '/I ( alilix'nui and Hawaii, and from broodingG. ingens

females trom off California

Ion
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Figure 3. The effect of temperature (2-15'C) on HcO: binding of

Gnalhopliiiiisia ingens at three constant values of pH (7.4. 7.7, 8.0).

Hemolymph samples were taken from intermediate instars of O' ingens

from California. Numbers in brackets are AH values calculated from

Log P50/pH data (Fig. 1 ) at the indicated pH over the 2-HVC tempera-

ture range. Points plotted are interpolations from the data in Figure 2.

gen binding by hemocyanin was significantly increased

(P < 0.05) in the presence of L-lactate (Fig. 4).

Effects of freezing and regional differences on oxygen

binding by hemocyanin

When compared with hemolymph samples that had

not been frozen, samples from California Gnathophau-
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Figure 4. The effects of L-lactate on HcCK binding at 5C of inter-

mediate instars of Gnathophausia ingens from California. Regression

equations for HcO; affinity: 0.09 mmol T 1

L-lactate, Log Ps = 6.50

- 0.81 pH, r = 0.94; 1.23 L-lactate, Log P50
= 3.42 - 0.62 pH, r

= 0.89; 14.32 L-lactate, Log P50
= 5.70 - 0.75 pH. r = 0.99. Regres-

sion equations for cooperativity (lines plotted for 0.09 and 14.32

mmol/1 L-lactate): 0.09 mmol 1~' L-lactate. n so
= -0.83 + 0.55 pH, r

= 0.82: 1.23 L-lactate, n 50
= -2.15 + 0.81 pH, r = 0.79; 14.32 L-

lactate, nM= -3.88 + 0.81 pH, r = 0.99.
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Figure 5. HcO: affinity and cooperativity at 5C in fresh and frozen

hemolymph from intermediate instar and brooding female Giuilho-

phuiixia tn.vi'ii.'i from California, and from intermediate instar Hawai-

ian G <H.t,rm. Regressions for each affinity line: California fresh (fresh).

Log P50
= 6.50 - 0.81 pH, r = 0.94; California frozen (frozen). Log

P50
= 7.51 - 0.95 pH, r = 0.99; California brooding female frozen

(brood). Log P50
= 7.53 - 0.97 pH, r = 0.99; Hawaii frozen (Hawaii),

Log P50
= 6.06 - 0.75 pH, r = .99. Regressions for cooperativity (lines

for California fresh and California frozen): California fresh (fresh), n so

-0.83 + 0.55 pH. r = 0.82; California frozen (frozen), n 50
= -0.81

+ 0.43 pH, r = 0.99; California brooding female frozen (brooding). n 50

-0.30-0.07 pH, r = 0.79; Hawaii frozen (Hawaii), n 50
= -1.93

+ 0.57 pH, r = .99

si a ingens that had been stored at -SOT for 18-24

months contained hemocyanin with significantly in-

creased O: affinity (5C P < 0.05, ANCOVA,Fig. 5) and

significantly decreased cooperativity (P < 0.05, AN-

COVA). Therefore, we used hemolymph that had never

been frozen for all of the other studies on the HcO: bind-

ing properties of intermediate instar individuals from

California. However, because of the availability of frozen

but not fresh material, ontogenetic and regional compar-

isons were made on frozen samples.

When the HcO2 binding of frozen, dialyzed hemo-

lymph samples from California brooding females was

compared with that of intermediate instars of G. ingens,

the hemocyanin from the brooding females, had a sig-

nificantly higher affinity at 5C, but was not significantly

different in cooperativity (ANCOVA. Fig. 5). The hemo-

cyanin in frozen, dialyzed hemolymph samples from

Hawaiian intermediate instar G. ingens had significantly

lower O2 affinity at 5C than did that from the California

intermediate instars; there was no significant difference,

however, in the cooperativity of HcO: binding (AN-

COVA, Fig. 5). Although the effects of freezing may

compromise these results, if freezing had affected all

samples equally, then these results would still suggest

that ontogenetic changes occur in the hemocyanins of G.

ingens and that the Hawaiian individuals of this species
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living at higher O2 partial pressures have hemocyanin
with a lower O2 affinity than do California individuals.

Studies on fresh material will be necessary to confirm

these suggestions.

Discussion

Adaptations to the oxygen minimum layer

Gnathophausia ingens, like most pelagic crustaceans

occupying deep-sea oxygen minima, relies primarily on

aerobic metabolism, supported by unusually well-devel-

oped abilities to remove O2 from water, to exploit these

vast, stable, low O2 environments (Childress, 1975). Al-

though this species has very little capacity to live without

O: (it survives for less than 30 min under anoxic condi-

tions), it can regulate its oxygen uptake (P c as low as 3

torr O2 at minimal activity) at least to its lowest environ-

mental P , (6 torr) when it is routinely active (Childress,

1971). G. ingens can regulate its O2 consumption to such

low P , values because it maintains a very high ventila-

tory flow (up to 8 body volumes/min) and a high rate of

removal of O: from the ventilatory stream (50-80%),

even at the lowest PO, in its environment (Childress,

1971).

The high removal is made possible by great develop-

ment of the gills and circulatory system in this mysid.

The gill surface area is quite large (9-14 cm:

/g wet wt.)

for a crustacean, and the oxygen diffusion distance across

the branchial epithelium (about 2 /um) is smaller than

that measured in most other crustaceans (Belman and

Childress, 1976; Taylor, 1982; McMahon and Wilkens,

1983). Therefore, the total oxygen diffusing capacity of

the gills of G. ingens (as calculated by Belman and Chil-

dress, 1976), is much greater than that estimated for

other crustaceans, allowing a rate of diffusion of O2

across the gills that is sufficient even with the very limited

O2 available in its environment. Indeed, a P , difference

of only about 3-4 torr across the gills was calculated to be

sufficient to allow the diffusion of enough O2 to support

routine metabolism. The heart and arterial channels of

G. ingens are quite large for a crustacean of its size, and

the heart also can generate a relatively high systolic pres-

sure for a crustacean of its small size (Belman and Chil-

dress, 1976; McMahonand Wilkens, 1983). These prop-

erties enable G. ingens to generate a high rate of hemo-

lymph flow (55-225 ml/kg/min) as compared to other

crustaceans, providing rapid turnover of oxygen de-

pleted venous hemoly mph ( Belman and Childress, 1976;

McMahonand Wilkens, 1983).

However, even with these circulatory adaptations, Bel-

man and Childress ( 1 976) estimated that, without a func-

tional O2 binding protein in the hemolymph, an unrea-

sonably high value for blood flow (more than 4 times the

known maximum values) would be necessary to supply

1.0

0.8

< 0.6
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H 0.4

0.2

0.0

in vivo ph
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tion of G. ingens hemocyanin is among the lowest ones

measured (Mangum, 1983a). However, at the very low

Po , values at which this mysid lives, this O2 carrying ca-

pacity is far greater than the dissolved O2 . The O2 affinity

of G. ingens hemocyanin, being temperature insensitive,

is unaffected by the small temperature changes within

the species' vertical range a possible adaptation. Given

the narrow range of P , over which this hemocyanin
functions, even small temperature-caused shifts in

affinity could have detrimental effects on O2 transport if

the hemocyanin were not temperature insensitive. A low

thermal sensitivity of HcO: affinity appears to be usual

for the hemocyanins of non-hydrothermal vent deep-sea

decapods, as well as mysids (Arp and Childress, 1985;

Sanders, 1989). Thus, theO 2 binding properties of its he-

mocyanin appear to be highly adaptive in supporting the

uptake and transport of O2 at the normal low P , values

in the environment of G. ingens.

Patterns of functional properties of hemocyanins

The literature on crustacean hemocyanins deals al-

most exclusively with shallow water decapods, particu-

larly brachyurans. The oxygen binding properties of he-

mocyanin have been considered to be conservative in ex-

pression (Mangum. 1980), yet plastic in their inherent

ability to adapt to environmental conditions. Tempera-
ture is an environmental variable with direct and indirect

effects on HcO2 binding, and several generalizations,

concerning the effects of temperature on hemocyanins
and based almost entirely on data for shallow living spe-

cies have been stated. One such generalization is that

the oxygen affinity of hemocyanins is lower in species

from "low" temperature environments to offset the

usual effect of lower temperature, an increase in the

affinity of hemocyanin (Redmond, 1968. Mangum,
1982, Mauro and Mangum. 1982a). The oxygen affini-

ties of hemocyanins from deep-sea pelagic crustaceans

do not fit this generalization, however, and they would

not be functional in the low oxygen environment found

in midwater zones if this were the case (Sanders, 1989).

Instead, the quite low P , appears to be the selective fac-

tor most strongly affecting the functional properties of

hemocyanins from O2 minimum layers, resulting in high

HcO: affinity and reduced temperature sensitivity. This

does support a second generalization concerning temper-
ature and HcO2 affinity, which suggests an inverse rela-

tionship between the Bohr shift (which is large for Gna-

thophausia ingens) and temperature sensitivity (Burnett

el al.. 1988). Therefore, crustacean hemocyanins seem
to have a considerable degree of adaptive plasticity. In

those cases that do not follow the expected patterns

e.g.. the absence of temperature sensitivity of G. ingens

He. the reverse temperature sensitivity found in Palac-

mon e/egans He (Morris et al. 1985), and hydrothermal
vent crab He (Sanders et a/.. 1988; Sanders, 1989) the

hemocyanins appear to be adapted for the particular

habitat and habits of the organisms.

Ontogenetic differences

The life history characteristics of Gnat/iophaitsia in-

gens are discussed in detail by Childress and Price (1978).

Briefly, females of G. ingens reproduce only once, and

brood the eggs and young in a marsupium for about 530

days. There are 1 3 distinct instars in this species, and the

newly released juveniles (instars 3 and 4) are found at

175-300 mdepth (40-100 torr O2 ). Intermediate instars

(numbers 5 to 10) are found at 650-750 mby day (6-10

torr O2 off California), and disperse between 400-800 m
(6-22 torr O2 ) by night. Brooding females (carrying the

first 2 instars) live at depths between 800 and 1400 m
(10-20 torr O2 ). Given the large changes in depth, and

therefore temperature and P ,, during the life of an indi-

vidual G. ingens, one might expect ontogenetic changes
in its hemocyanin. The brooding females, in particular,

have much lower metabolic rates and live at lower tem-

peratures and slightly higher P , values. The hemocya-
nin concentration of brooding females is reduced relative

to that of intermediate instars living at shallower depths

and. based on frozen material, the oxygen affinity of the

hemocyanin from the brooding female appears to be sig-

nificantly higher (Fig. 4). The lower O: carrying capacity

is consistent with the lower metabolic rate and activity

of this instar (Childress, 1975).

Regional differences

Gnathophausia ingens is also found off the Hawaiian

islands. The depth distribution of the population of G.

ingens sampled off Oahu was essentially identical to that

of G. ingens collected in the basins off southern Califor-

nia. Thus, the animals in Hawaiian waters are exposed
to much higher P , (approximately 20 torr at day-time

depths, and greater than 100 torr at night) than those off

southern California. Hawaiian individuals of G. ingens

cannot regulate O: consumption as well as can individu-

als from California (Pc = 10-30 torr, depending upon

oxygen consumption rate, for Hawaiian G. ingens indi-

viduals, Cowles, 1987). Although there is no significant

difference in the oxygen consumption rates, the relation-

ship between oxygen consumption and PC in the two

populations is significantly different. A cursory anatomi-

cal comparison of the Hawaiian and Californian G. in-

gens individuals revealed no obvious differences in the

circulatory system or gills (J. Childress, unpub. obs.).

The hemocyanin concentrations in the hemolymphs of

G. ingens individuals from these two regions are compa-
rable, but the differences in the functional properties of



Hi-O, BINDING IN GNATHOPHAUSIA 293

the hemocyanins (e.g.. the apparently lower O2 affinity

of hemocyanin from Hawaiian animals based on frozen

material) may explain, at least in part, the observed

differences in the regulation of oxygen consumption.
Thus, different populations of the same species, G. in-

gens. in different oceanic regions may have adaptive
differences in the functional properties of their hemocya-
nins. Adaptive regional differences in the O: affinities of

the hemocyanin of Callinectes sapidus result from

changes in subunit composition due to acclimation

(Mangum and Rainer, 1988).

In summary, the high oxygen affinity of the hemocya-
nin of the mysid Gnathophausia ingens appears to be es-

sential for these pelagic, permanent residents of deep-sea

oxygen minimum layers. The high affinity and coopera-

tivity of oxygen binding by their hemocyanin. and the

previously reported circulatory and ventilatory adapta-

tions, apparently enable the hemocyanin to be fully satu-

rated with oxygen at very low external values of PO2 , and
to release a large percentage of the bound oxygen at the

tissues with a very small change in PO: . Offloading is

potentially further facilitated by the presence of a large

Bohr effect. This hemocyanin clearly shows a different

combination of properties than is found in crustaceans

from other habitats. However, these HcO: binding prop-

erties, are highly adaptive for this species in the O: mini-

mumlayer habitat. While the oxygen binding properties

of hemocyanins from shallow-living species are conser-

vative in expression, the inherent adaptive plasticity of

crustacean hemocyanins may be considerably greater

than has previously been appreciated.
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